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Abstract
SrTiO3 is known to be an incipient ferroelectric. It is thought that ferroelectric stability in
SrTiO3 is suppressed by a delicate competition with quantum fluctuation and antiferrodistortion.
The ferroelectric phase can, however, be stabilized by doping, isotope manipulation and strain
engineering etc. Till date ferroelectricity in SrTiO3 thin films was observed to exist up to room
temperature – that was when the films were grown on specially engineered substrates using com-
plex growth techniques. It was possible to write and erase ferroelectric domains on the specially
engineered films at room temperature. Here, we show remarkably similar ferroelectric behavior in
bulk (110) single crystals of SrTiO3 with no special engineering well above room temperature using
piezoresponse force microscopy. Hysteretic switching of local electric polarization was observed and
electrically active domains could be written and erased using lithographic techniques at remarkably
high temperatures up to 420K.
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Strontium titanate (SrTiO3) has found wide range of application as a substrate for the
epitaxial growth of functional oxide thin films because of its high dielectric constant.[1]
The list of oxides that have been successfully grown on SrTiO3 with high degree of epitaxy
includes high temperature ceramic superconductors, colossal magnetoresitive manganites,
itinerant ferromagnets etc.[2–4] A large number of devices have also been fabricated on
SrTiO3.[5, 6] More recently, it has been shown that a two-dimensional electron gas is formed
under certain conditions at the interface of insulating SrTiO3 and insulating LaAlO3 (LAO)
where novel interplay between superconductivity and magnetism has been reported.[2, 7]
Therefore, the bulk and surface properties of SrTiO3 have attracted considerable attention
in contemporary condensed matter physics.
SrTiO3 crystallizes in the cubic perovskite structure in its paraelectric phase and is known
to lead to a cubic to antiferrodistortive phase transition at 105K.[8–10] From first principle
calculations, it was inferred that SrTiO3 might possibly have a low temperature (40K)
ferroelectric phase under hydrostatic pressure or strain.[11] As the ferroelectric phase was
not experimentally detected it was believed that quantum fluctuations forbade a stable
ferroelectric phase at low temperatures.[10, 12] The idea of quantum fluctuations was further
supported by the observation of a ferroelectric phase when the oxygen of SrTiO3 was replaced
with the 18O isotope.[13] However, more recently, it has been shown that ferroelectricity in
epitaxial thin films of SrTiO3 could be induced by strain engineering.[14–17] Nevertheless,
the consensus has been that the ferroelectric transition cannot be observed in pure bulk
crystals of SrTiO3. However, more recently, by superior thin film deposition methods a
room temperature ferroelectric phase of strain-free SrTiO3 film could be achieved.[18] The
observation of ferroelectricity in strain free SrTiO3 naturally leads to the idea that room
temperature ferroelectricity might, in principle, be possible in bulk single crystal of SrTiO3
as well. In fact, from computer simulation [19], low-energy electron diffraction[20] and
surface x-ray diffraction[21] it was argued that surface ferroelectricity in a few monolayers
of bulk SrTiO3 should be possible. In this Letter,we show that the surface of SrTiO3 shows
hysteretic switching of polarization with DC bias. It is also possible to write and erase
ferroelectric domains on single crystals of SrTiO3 at remarkably high temperatures up to
420K indicating the existence of ferroelectricity in bulk SrTiO3 at such high temperatures.
In order to probe ferroelectricity in bulk single crystals of SrTiO3, we employed piezore-
sponse force microscopy (PFM) and switching spectroscopy. In this measurement a can-
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FIG. 1: (a) Schematic description of the PFM technique. The switching waveform in the DART-
PFM switching spectroscopic mode is also shown.(b) PFM phase hysteresis and (c) butterfly loops
at 300K at three different points in the “off” state. (d) PFM phase hysteresis and (e) butterfly
loops at 420K at three different points in the “off” state as in (d).
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FIG. 2: (a) Phase image of a circular domain written at room temperature by applying +30V
and (b) phase image of the domain after applying −30V at the center of the domain written in
(a).
tilever with a conducting tip is mounted in an atomic force microscope (AFM) and is elec-
trically connected to a DC high-voltage (up to 220V ) amplifier and a lock-in amplifier. The
lock-in amplifier sends a sinusoidal voltage (Vacsinwt) to the cantilever, which is brought
in contact with the sample during PFM measurements. The amplitude response from the
cantilever in the contact mode is probed as function of w in order to find the in-contact res-
onance frequency (wr) of the cantilever. The measurements are performed at wr in order to
obtain maximum sensitivity. It is believed that a 1800 switching of the phase of the response
signal from the cantilever is a signature of ferroelectricity. The switching behaviour should
also be hysteretic when a DC voltage (Vdc) is swept on the cantilever. This is attributed
to the switching of the ferroelectric domains in the ferroelectrics. On the other hand, hys-
teretic amplitude vs. voltage curve, also known as a “butterfly loop”, is the hallmark of
piezoelectricity.
A (110) single crystal of SrTiO3 (from MTI Corporation) was cut into a 3mm × 3mm
piece and was loaded on a metallic sample holder. The sample holder was mounted on
the sample stage of an AFM where the metallic sample holder was internally connected to
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FIG. 3: (a) A circular domain written on bulk SrTiO3 with +30V on a 8µm× 8µm area at 300K.
The PFM Phase images of the domain at different temperatures: (b) 330K (c) 360K (d) 390K (e)
420K; (f) Phase image (at 300K of the domain written with +30V at 440K and then immediately
cooling the sample down to 300K.
the ground of the high voltage amplifier. In order to measure temperature dependence of
the data, we had mounted a heating kit in the AFM. The sample was in direct thermal
connection with the hot surface of the heating kit. The heating kit was capable of raising
the sample temperature up to 570K. The cantilevers that were used for these measurements
were made of silicon and coated with 5nm of titanium and 20nm of iridium. The spring
constant of the cantilever was 2N/m with its natural resonance frequency in air around
70kHz. The in-contact resonance frequency of the cantilever on SrTiO3 was found to be in
the range of 290− 310kHz.
It should be noted that hysteretic phase switching and butterfly loops may also originate
from reasons other than ferroelectricity and piezoelectricity in PFM.[22, 23] One of the
possible reasons could be the local electrostatic effects. In order to mitigate this effect, all
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the spectroscopic data reported here were measured by employing a switching spectroscopy
PFM (SSPFM) protocol pioneered by Jesse et.al., where a sequence of DC voltages in
triangular saw tooth form was applied between the conducting cantilever and the SrTiO3
as shown in Figure 1(a).[24, 25] The measurement was carried out in the “off” state of the
pulses. As shown in the supplementary material[26], there is a significant difference between
the “on” state and the “off” state data. This suggests that the local electrostatic effects
have been minimised during the spectroscopic measurements. The electro-chemical response
in the presence of a high DC bias may also mimic the ferroelectric like hysteresis effects.
Usually one clear signature of an electrochemical reaction is the formation of topographic
structures on the surface.[22, 23] However, in the present case, no topographic structure
growth was noticed (see supplementary material).[26]
In Figure 1 (b) and Figure 1 (d), we show the phase voltage hysteresis obtained at 300K
and 420K respectively at three different points. From a visual inspection of the data, it is
clear that the phase switches by 180o with a coercive voltage of approximately 10V . The
switching is sharp at 10V beyond which the hysteresis curve saturates. As shown in Figure
1(c) and Figure 1(e), the amplitude vs. Vdc curves also show hysteresis and form “butterfly
loop” at 300K and 420K respectively at three different points. This is believed to be the
signature of piezoelectricity. By analysing the data, we have extracted the value of the
piezoelectric coefficient which is 0.422nm/V at 300K. For temperatures above 420K, no
piezoelectric or ferroelectric like response was observed on SrTiO3.
As it has been discussed before, based on the observation of hysteresis curves alone the
ferroelectric phase of SrTiO3 cannot be confirmed. Therefore we have attempted to write
ferroelectric domains on SrTiO3 using a conducting cantilever. A tip made of Silicon coated
with 5nm of titanium and 20nm of iridium and spring constant 2N/m was used to write
a circular domain using lithography. A circular domain was written by applying +30V
on 11µm × 11µm area on the surface of bulk SrTiO3 crystal. After writing the domain
the area was scanned in regular PFM imaging mode. The height image did not show any
modification while a bright circular domain was clearly visible in the phase image (Figure
2(a)). After that we applied a negative voltage (−30V ) on a smaller concentric circular area
inside the bright domain. When we imaged the domain again after the second writing, we
observed a dark spot at the center of the bright domain. The phase difference between the
bright region and the dark region was 180o indicating that the polarization at the central
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dark region was reversed due to the application of a negative voltage. Therefore, we have
successfully written and erased a ferroelectric domain on the surface of bulk SrTiO3 crystal.
We also attempted to image the natural ferroelectric domains by regular and vector
PFM. However, distinct domain structures were not observed. It is possible that the natural
domains do exist but we cannot image them by PFM due to large tip size (∼ 25nm) that
limits the lateral resolution of the images.
In order to estimate the Curie temperature of the ferroelectric phase, temperature de-
pendence of an artificially written circular domain was studied. We first wrote the circular
domain of diameter 6 µm by PFM lithography with an applied voltage of +30V on SrTiO3 at
300K. The domain was then imaged using DART PFM at different temperatures as shown
in Figure 3: 300K (Figure 3(a)), 330K (Figure 3(b)), 360K (Figure 3(c)), 390K (Figure
3(d)) and 420K (Figure 3(e)). From visual inspection alone it is clear that with increase in
temperature the domain structure written at 300K starts disappearing, the diameter shrinks,
and it disappears completely at 420K (also see supplementary material[26]). After imaging
the domain at every temperature we have also performed spectroscopic measurements in
order to investigate the evolution of the relevant parameters like the coercive field and the
piezoelectric constant. The spectroscopic data are presented as insets in Figure 3. Surpris-
ingly, no systematic temperature dependence of the ferroelectric/piezoelectric parameters
was noticed. However, no spectroscopic piezo and ferroelectric response on temperature
above 440K could be found.
In order to investigate the time dynamics of the domains we have also measured the
relaxation time (the time over which the domain completely disappears) of the domains.
The domain survives for 12-14 hours at room temperature (see supplementary material).
As the temperature was increased from 300K up to 420K, the relaxation time significantly
decreases from 12-14 hours to 2-3 minutes. It was possible to write a domain even at 440K
but due to very short lifetime of the domain at this temperature the domain relaxed before
it could be imaged. However, when we wrote the domain at 440K and immediately cooled
the sample down, the domain did not fully relax and it was possible to image the domain
at room temperature (Figure 3(f)).
From the data presented above it is clear that the surface of SrTiO3 is electrically active
and the electrical response is hysteretic. In this context it should be noted that in the past
the controlled bilayers of SrTiO3 and LaAlO3 were also shown to be electrically active where
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the hysteresis effects were observed and electric domains were written.[27–29] Such behaviour
was attributed to the existence of an exotic interface in the SrTiO3/LaAlO3 bilayers. Since
we observe similar effects on the surface of bulk SrTiO3 alone, the origin of such effects in
the SrTiO3/LaAlO3 bilayers should be revisited.
The surprising observation of very high temperature ferroelectricity in pure crystals of
SrTiO3 is not understood at present and further theoretical investigation is required. Qual-
itatively, the observation may be attributed to a voltage induced strain[30] on the surface
developed during the spectroscopic measurement and domain writing. When a DC voltage
is applied on the surface through the conductive tip, the effective electric field is very large.
At such high electric fields the lattice may distort in the direction of the applied field due to
electrostriction. This distortion results in a change in the Ti-O bond length. This change
breaks the inherent centrosymmetric nature of the cubic crystal structure of SrTiO3 and
induces electric polarization. It is not surprising that the lifetime of the induced strain is
temperature dependent as at higher temperature the field-induced distortion should relax
faster. The important thing to note, however, here is that the induced polarization has a
rather long lifetime at room temperature. The microscopic mechanism leading to such long
relaxation time should be investigated.
In conclusion, we have performed piezoresponse force microscopy on (110) single crystals
of SrTiO3 and found the evidence of a ferroelectric phase up to 440K. It was possible to write
and erase electric domains using conducting cantilevers on the surface of the crystals. From
the temperature dependence of the hysteresis effects and the electric domains we conclude
that the ferroelectric Curie temperature is more than 440K. Based on the results presented
here the origin of the exotic electric behaviour of the SrTiO3/LaAlO3 interfaces should be
revisited.
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